Monolayer transition metal dichalcogenides/metal (MX 2 /metal) based transistors have been widely studied. However, further development is hindered by the large contact resistance between MX 2 and metal contact. In this paper, we demonstrated that interfacial charge transfer between MX 2 and metal is the key for tuning contact resistance. With the lattice misfit criterion applied to screen combination of MX 2 s and metals, it has been found out that both phase stability of MX 2 and contact nature between MX 2 and metal will be sensitively affected by interfacial charge transfer. Additionally, we have identified seven MX 2 /metal systems that can potentially form zero Schottky barrier contacts utilizing phase engineering. On base of interfacial charge calculations and contact resistance analysis, we have presented three types of MX 2 /metal contacts that can be formed with distinguished contact resistance. Our theoretical results not only demonstrate various choice of MX 2 /metal designs in order to achieve different amounts of interfacial charge transfer as well as manipulate contact resistance, but also shed light on designing ohmic contacts in MX 2 /metal systems.
INTRODUCTION
The difficulty of extending Moore's law on classic silicon devices largely limits the further development of logic transistors. Successful fabrication of 2D materials opens the gate of extending the scaling limit of nanoelectronic devices. Compared with the conventional metal oxide semiconductor based on Si, GaAs et al., the lack of trapping states at interface and surface, atomic thin thickness and controllable electronic structure of 2D materials, making them as promising candidates for devices with high performance. However, for some of the 2D materials, such as graphene, h-BN, the band gaps are inappropriate for channel materials. Even though the value of band gap can be tuned with defects, 1-5 doping 4, 6 or strain engineering, 1, 6 the precise control is always challenging both experimentally and theoretically. Among all the 2D materials identified to date, monolayer transition metal dichalcogenides (MX 2 s) offer wide space of tunable band gaps, [7] [8] [9] therefore have been widely investigated in field effect transistors (FET) based nanodevices. [10] [11] [12] However, the large contact resistance between MX 2 s and metal substrate hinders the direct application of MX 2 s as highperformance FET devices. 11, 13 As a result, reducing the contact resistance between MX 2 s and the metal substrate has become one of the critical problems to be solved. [14] [15] [16] [17] [18] [19] As can be inferred from several previous studies, interfacial orbital overlapping will facilitate electron tunneling through the interface. 11, 13, 20, 21 However, systematic investigation on the influence of interfacial charge transfer on MX 2 /metal design is still absent. More specifically, the amount of charge transfer will be affected by interfacial lattice coherency, work function of metals as well as how MX 2 is stacked on top of metals. Meanwhile, with the electron polarization from metal into MX 2 layer, the phase stability of MX 2 membrane may also be altered, 22, 23 which lead to drastic change of contact nature. There have already been several experimental reports 6, 24 on applying phase engineering techniques to improve the performance of MX 2 based transistors. Nevertheless, studies about how metal substrate can affect the phase stability is still missing. With adequate investigation of those topics above, a design strategy can be proposed for manipulating contact resistance of MX 2 /metal system.
In this work, a computational framework based on the density functional theory (DFT), bader charge analysis [25] [26] [27] and contact nature evaluation have been presented to screen potential metal candidates with 3d or 4d orbitals and their contacts with five types of MX 2 , i.e., MoS 2 , MoSe 2 , WS 2 , WSe 2 , and MoTe 2 . The potential stacking sequence and 2H→T (1T, 1T' and 1T") phase transformation are considered in the structure screening process. It has been found that several MX 2 /metal systems would be energetically more stable with T phases in MX 2. This phase transition will consequently lead to ohmic contact behavior at the interface. Meanwhile, large variations of band alignment are observed as a result of interfacial charge transfer, which are supported by the simulated ARPES images. This study not only offers a systematic consideration of the contact nature at MX2/metal systems, but also predicts new types of MX 2 /metal interfaces with low interfacial electrical resistance.
RESULTS AND DISCUSSION
Phase stability and energetics The potential of phase stability transition from 2H phase to T phases on different metal substrate (1T, 1T' or 1T") has been investigated by DFT calculated energetics. Our calculations indicate that the 1T phase will always have much higher energy compared with other phases. Therefore, the interfacial charge will not likely to induce the 2H→1T phase transition, which is also consistent with previous studies. 7, 22, 23, 44 As a result, we construct the phase stability profile as presented in Fig. 1(a) with the description of competition between 2H with either 1T' or 1T" phases. To compare the energetics of MX 2 on top of different substrates, the reference energy E 2Hð1T;1T 0 ;1T 0 0Þ is defined as E 2Hð1T;1T 0 ;1T 0 0Þ ¼ E MX2=metal À E metal . While both E MX2=metal and E metal are the total energies calculated from DFT.
Several features can be identified from the energetic diagrams as shown in Fig. 1a . In all the examined MX 2 /metal contacts, the most energetically favorable T phase can be either 1T' or 1T". Meanwhile, for each type of MX 2 monolayer, the energetics differ quite a bit depending on the type of metal with which to form the interfaces. Moreover, for several MX 2 /metal contacts, i.e., MoSe 2 -Sc, WS 2 -Zr, WS 2 -V, WSe 2 -Ti, WSe 2 -Sc, Nb-MoTe 2 , and Cr-MoTe 2 systems, 1T'(1T") phases turned out to be more energetically favorable compared with the original 2H phase.
All those phenomena can be explained with the significant charge transfer at MX 2 /metal contacts. For all the interfaces examined, they all have relatively small lattice mismatch compared with those not selected. Small lattice mismatch allows for more orbital overlapping between the bottom layers of X (S or Se) atoms and the topmost metal atoms, which is in accordance with the phenomenon that the energetics of 2H phase is significantly depending on the interface type as shown in Fig.  1a . For those MX/metal systems with phase stability transition, more charge is transferred from metal into MX 2 monolayer compared to those without phase transition. As being pointed out by our previous study and various experimental reports, enough amount of charge injection into MX 2 will trigger the structural transition into T phases. [44] [45] [46] [47] To support this explanation, we visualize the charge transfer at the interface and the corresponding lattice distortion within two selected systems as demonstrated in Fig. 1b . Meanwhile, the quantitative analysis of charge transfer is illustrated by the bader charge calculations as presented in Fig. 2 .
The charge transfer can be directly visualized by the isosurface of deformation charge density. Figure 1b illustrates the deformation charge density isosurface in MoS 2 (MoS 2 -Cu) and WS 2 (WS 2 -V), which correspond to the smallest and largest charger transfer amount that can happen between metal and adjacent S layer, respectively. By comparing the two extreme cases, one can get that T phases generally obtain more electrons from the metal surface, which makes the interlayer distance in 1T"/metal contact smaller. By analyzing the bader charge in all systems as shown in Figs. 2a, we found that for MoS 2 , MoSe 2 , WS 2 and WSe 2 contact with metals, the charge will always polarized from the metal side to the MS 2 or MSe 2 layer, which lead to the bader charges in MS 2 or MSe 2 layer higher than the one of free standing case (black line). However, two exceptions for MoTe 2 /Ru and MoTe 2 /Rh systems can be observed for MoTe 2 /metal systems. In both cases, electrons would transfer from the Te atom to Ru and Rh surface.
The variation of charge transfer conditions at MX 2 /metal interfaces is dependent on the different work functions of metal surfaces as well as the interface coherency of MX 2 /metal. By comparing the work functions of the substrate metals (Fig. 2f) , we can obtain that generally the higher the work function is, the more difficult to make it lose electrons. Consistently, for those systems with more charge transferred to MX 2 s, the work functions of the corresponding metal surface are generally lower. Meanwhile, it is worthy to mention that among those metal surfaces with similar calculated surface work function, lower work function does not always mean more interfacial charge transfer. For instance, although the work function of Ti (001) surface (4.37 eV) is slightly larger than that of W (001) surface (4.26 eV), larger amount of charge transfer from metal to MX 2 is observed in MSe 2 /Ti systems rather than in the MSe 2 /W system. This phenomenon mainly originates from the discrepancies in interface coherency. To minimize the misfit strain, for MSe 2 /Ti system, we designed a 2 ffiffi ffi 3 p 2 ffiffi ffi 3 p supercell of MSe 2 aligning with a 4 × 4 supercell of Ti (001) surface (Table 1) , in this case, in each periodic unit of the interface model, 12 Se atoms will interact with 16 Ti atoms at interfaces. When comes to MSe 2 /W system, a 4 × 4 supercell of MSe 2 is put on top of a 33 supercell of W (001) surface to minimize the misfit strain, in which 16 atoms interact with 9 W atoms at interfaces in each periodic unit of the interface model. As a result, less charge transfer would happen in MSe 2 /W systems as presented in Figs. 2, c. One other thing worth mentioning is that for those cases with large charge transfer so that phase transition could occur, the fluctuation of charge transfer is generally more significant as demonstrated by the error bar, which also illustrate that the interfacial atomic orientation plays a significant role. To sum up, with all the MX 2 /metal system identified, there would be a wide tunable space for interfacial charge transfer as well as structural phase transition of MX 2 with the selection of various metal and design of interface orientation.
Electronic structure of MX 2 /metal contacts Due to the metallization at the MX 2 /metal interface, the electronic structure of MX 2 will be largely modified due to (transition from orbital overlap) the chemical bond formation. Moreover, for those MX 2 /metal interface with phase transition, the modification of electronic structure would be more significant due to the strong charge transfer. DFT calculations on superlattice models are always applied to analyze such systems with interfaces, however, unfolded band structure would be more useful and convenient to illustrate the interfacial charge transfer behavior. 48, 49 Therefore, the unfolded band structures, which can be measured using the angle-resolved photoemission spectroscopy (ARPES) in experiment, have been calculated and demonstrated in Fig. 3 . Meanwhile, a more zoomed in version can be found in Fig. S1 in supplementary information.
As illustrated in Fig. 3 , when compared to 2H-MoS 2 phase with the same metal substrate, more impurity states appear in the band structure of 1T" phase, which is also reflected by the density of states. Those are consistent with the bader analysis results shown in Fig. 2 . Besides, for 2H-MoS 2 on top of Cu, the impurity states appear mostly from −4 to −2 eV below the fermi level. However, when 2H-WS 2 is placed on top of V, the impurity states appear on both valence and conduction bands. This phenomenon illustrates more significant charge transfer from metal into monolayer WS 2 so that both bonding and anti-bonding states are rearranged as a result. This observation is supported by the corresponding PDOS in Figs. 3a, b . The enhanced electronic structure evolution in 2H-WS 2 /V is also in consistent with the larger geometry distortion and more transferred charge demonstrated in Figs. 1b and 2 . Contact properties of MX 2 /metal Because of controllable charge transfer in MX 2 /metal interface, the electron injection efficiency would be tuned with the selection of MX 2 and metal candidate. As a consequence of metallization, the electron tunnel barrier from metal into MX 2 membrane will vanish 13, 20, 21 (see Fig. S2 in Supplementary information). The efficiency of electron injection will thus be determined by Schottky barriers at MX 2 /metal interface, which can be calculated as the energy difference between the fermi level of the MX 2 /metal contact (E F ) and the band edges of free standing MX 2 s. To be more specific, the energy difference between the fermi energy of the hybrid system and conduction band minimum (E C -E F ) of free standing MX 2 s yields the Schottky barrier of electrons while the energy difference between the corresponding fermi energy and valence band maximum (E F -E V ) indicates the Schottky barrier of holes. To give a direct schematic view of this method, the Φ electron SB and Φ hole SB of 2H-MoS 2 /Cu are indicated in the band structure plot in Fig. 4a as one example. The fermi level of this contact is set as 0 eV, while the band structure of free standing MoS 2 is plot on top of the contact band structure to show the band alignment. Based on this strategy, the Schottky barrier of all the MX 2 /metal contact has been calculated. Due to the variation of phase stability, we only show the Schottky barriers for the contacts with the structure of the lowest energy as a representative of the equilibrium contact status. That is to say, 1T'-MX 2 /metal contact or 1T"-MX 2 /metal contact will be demonstrated for those systems with potential structural phase transition in MX 2 monolayer as shown in Fig. 1 2 and WSe 2 contacts with the studied metals, the hole barrier is always lower than the electron barrier (Figs. 4c, e) . For MoTe 2 /metal contacts, the Schottky hole barriers of MoTe 2 /Ru and MoTe 2 /Rh turn out to be 0 eV, meanwhile the Schottky electron barrier is the same as the bandgap of monolayer MoTe 2 . This can be understood by the fact that electrons in MoTe 2 will be polarized into Ru or Rh once the contacts are formed (shown by Fig. 2e ), which shift the fermi level of the contact system below the original valance band maximum.
Moreover, for those MX 2 /metal contacts with structural phase transition, 1T'(1T")-MX 2 /metal contact will be formed at equilibrium state. In those contacts, i.e., 1T"-MoSe 2 /Sc, 1T"-WS 2 /Zr, 1T"-WS 2 /V, 1T"-WSe 2 /Sc, 1T"-WSe 2 /Ti 1T"-MoTe 2 /Cr and 1T'-MoTe 2 /Nb, both Φ electron SB and Φ hole SB will vanish. The reason is mainly due to the fact that significant charge transfer will finally shift the fermi energy of the MX 2 /metal system above the conduction band minimum of 2H-MX 2 , in this case no energy barrier is needed to overcome for electron transport from MX 2 /metal to the channel. With the information obtained from contact analysis, we suggest that three types of MX 2 /metal contacts can be formed depending on the amount of interfacial orbital overlapping and charge transfer. As illustrated by Fig. 5a , the first type would induce the largest interfacial resistance for MX 2 /metal contact, this mostly applies to all the MX 2 /metal contacts that possess very large lattice misfit, some of them are reported in literature 13, 20, 21 but were screened out using the lattice misfit criterion we described above. Typically, there would be significant interfacial lattice incoherency in such MX 2 /metal system, which inhibit effective orbital overlapping as being shown in Fig. 3 . As a consequence, a sizable tunnel barrier as well as Schottky barrier should be overcome when electrons travel from metal to MX 2 channel. This is also the main problem that occurs in previous investigated MX 2 /metal contacts 13, 20, 21 . As suggested by our study, if we can increase the orbital overlapping to some degree, the metallization of MX 2 would occur at interface, which can vanish the tunnel barrier between MX 2 and metal (Fig. 5b) . Because of lattice coherency and orbital overlapping, the metal systems studied in this study generally have very small or zero tunneling barrier. Therefore, the Schottky barrier would be the main factor to limit the contact resistance. Among all the identified candidates, those with smallest Φ electron SB or Φ hole SB would be optimal contacts since small size of Schottky can be easily reduced with adequate gating. Additionally, for those 7 systems, we would expect the formation of third types of contact as shown in Fig. 5c if 1T'(1T")-MX 2 is the energetically stable structure. In this case, structural phase transition would happen in MX 2 domain that is contacted with metal. Meanwhile, since the fermi level of 1T'(1T")-MX 2 /metal is higher than the conduction band minimum of 2H-MX 2 , the Schottky barrier would vanish as a consequence. Meanwhile, utilizing the states of art phase engineering techniques, the contact nature of such systems can be flexibly engineered. To give one example, MX 2 monolayer can be first deposited on top of metal to form 2H-MX 2 contact. Due to the finite activation barrier required for 2H→1T'(1T"), contact type as shown in Fig. 5b would be formed. Furthermore, as already been reported in experiments, thermal fluctuation, 45, 50 plasmonic hot electrons 51 or electron beam 47 can be effective options to trigger the 2H→1T'(1T") structure transformation. Accompanied by the phase transition, direct injection of electrons without Schottky barriers would be achieved while the contact type transforms from type 2 (Fig. 5b) to type 3 (Fig. 4c) .
To conclude, we have systematically investigated the influences of interface interaction on phase stability of MX 2 s. With the lattice misfit criterion, 28 MX 2 /metal systems with strong interface interaction have been identified. Based on interfacial charge calculations and contact resistance analysis, all MX 2 /metal contacts can be categorized into three groups. The first type of contact would possess zero tunnel barrier between MX 2 and metal, while the Schottky barrier can be tuned with injection of electron or holes. In the second contact type, there is a significant charge transfer between the MX 2 layer and metal substrate, which induces the structure transformation of MX2 layer from 2H to 1T'(1T"). In this case, both the tunnel barrier and the Schottky barrier vanish. Finally, we presented several schematic designs for applying our theoretical findings, among which the techniques are already reported in experiments. Our research not only provide realistic theoretical reference for the contact behavior for all MX 2 / metal systems, but also shed lights on potential solutions for conquering the bottleneck of concurrent 2D transistors.
METHODS

Atomistic modeling of MX 2 /metal interface
All the 3d and 4d transition metal are visited for evaluating the performance in metal-MX 2 contact. Meanwhile, as being reported in experiments, non-transition metals such as Al, 28, 29 Ga, 30, 31 In 24,32 are also considered. The smallest lattice misfit strain that can exist between MX 2 and metal is used to screen metal contacts with MX 2 since large lattice misfit could not provide enough orbital overlapping 11, 13, 20, 21 so that charge transfer between MX 2 and transition metals are relatively weak. A threshold value of 2% lattice misfit is used to screen MX 2 /metal systems as a result. Meanwhile, it is worth noting that with such a small lattice misfit strain, very small artificial strain will be enforced for DFT simulation so that the results will be more reasonable.
During the screening process, we first construct low index surfaces of metals, i.e., (001) (110) and (111), due to relatively low surface free energies and better thermodynamic stability. 33, 34 After then we considered three types of orientations which correspond to -30, 0, and 30 degrees of rotation between the [100] orientation of MX2 and metal substrate. Other interfacial rotations, which might exist in experiments and lead to certain moiré patterns, cannot guarantee enough orbital overlapping due to the small lattice coherency. Besides, other rotations require supercells with more than thousands of atoms, thus it is very challenge or impossible for DFT calculations. Therefore, we do not consider other rotation angles in this investigation. For each orientation considered, the charge transfer amount for all the possible stacking sequences are calculated.
Employing this criterion, we have identified 11 metal and 28 MX 2 /metal contacts from the periodic table (Fig. 6e) . Examples of the selected MX 2 / metal contact atomic model are demonstrated in Figs. 6a-c. Those models can be applied to study the properties of contact nature in MX 2 /metal based transistor as shown in Fig. 6d . All the selected metals are summarized in Fig. 6e , in each box, the name of the metal is put on top followed by the lattice type and facet selected to form the MX 2 /metal interface. Meanwhile, the lattice misfit at interface has also been indicated in Fig. 6e . For visual convenience, different colors are filled in the box to illustrate the amount of interfacial strain. The green color indicates the metal can form MX 2 /metal interface with misfit less than 1%, while orange means the misfit strain is about 1-2%. For some of the metals, they can form small misfit interface with two types of MX 2 s but with different level of misfit strain, mixing of corresponding colors has been adopted for those situations. Meanwhile, the supercell of both MX 2 and metal used to construct the smallest periodic unit for MX 2 /metal interface have been given in Table 1 .
DFT calculations
First-principles DFT calculations employing the Perdew-Burke-Ernzerhof functional 35 and projector augmented-wave 36 method were performed using the Vienna ab initio simulation package for structure optimization and energetic calculations. The dispersive van der Waals interactions between the MoS 2 and metals were included using the DFT-D2 method of Grimme. [37] [38] [39] In each calculation, k-point grids are benchmarked to be sufficient for accurate calculation. The energy cutoff has been set as 400 eV for all the MX 2 /metal interface models and it has been tested to be large enough for energy convergence. A vacuum space of 20 Å perpendicular to each slab model is used to eliminate image interactions. When performing the structure optimizations, the system is regarded as converged when the force per atom is less than 0.01 eV/Å. Being ware of the fact that traditional GGA method failed to provide accurate estimation of band edges, 40 we have implemented the consideration of spin orbital coupling (soc) in our calculations. As being demonstrated in previous studies, both the band gaps and the soc induced energy splitting can be well captured with such calculation setup. 7, [41] [42] [43] Meanwhile, it should be noted that small lattice misfit still exists in the MX 2 /metal systems (see Fig. 6e ). Since we are mainly interested in how electron transfer from metal to MX 2 can influence the phase stability, it would be better not to deform the MX 2 lattice as in this case the phase stability will be affected by both strain and charge transfer, making it difficult to decouple the two effects. As a result, for all systems, we deform slightly the metal lattice to fit into the MX 2 monolayer.
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